Mid-infrared (IR) spectra of a series of calcium silicate hydrates (C-S-H) gels synthesised from C 3 S in the presence of magnesium oxide show many similarities with the mid-IR spectra of pure C-S-H gels. However, the presence of the vibration bands attributed to brucite is observed in all spectra of C-S-H synthesised with MgO, although only the sample with the highest CaO/SiO 2 ratio (1 . 8) reveals a large shoulder centred at 530 cm À1 , which has been assigned to the presence of magnesium with a four-fold coordination inserted in the silica chains of the C-S-H gel. The postulated formation of magnesium silicate hydrates (M-S-H) gel was detected by scanning electron microscope and energy dispersive analysis of X-rays in some areas of the C-S-H gel with the lowest CaO/SiO 2 ratio (0 . 66).
Introduction
In recent times the incorporation of elements such as Mg, Na, Cs, K, Sr or even heavy metals during formation of calcium silicate hydrates (C-S-H) gel has been the subject of many studies. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Some of these have investigated the incorporation of environmentally unfriendly heavy metals into the cement matrix or the stabilisation of radioactive waste. 3, 4, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] For this reason, the study of the mechanisms of interaction between the C-S-H and those elements is of particular interest.
There are several reports that deal with the incorporation of magnesium into the C-S-H structure. [9] [10] [11] [25] [26] [27] [28] The relevant study of Pytel 11 considers the incorporation of limited amounts of Mg 2þ ions into tobermorite, xonotlite and C-S-H. Using scanning electron microscopy (SEM), Pytel concluded that the excess of MgO is hydrated to form Mg(OH) 2 , and forms magnesium silicate hydrate (M-S-H) of poorly developed structure (MgO/SiO 2 % 1 . 5) after longer periods of hydration. The appearance of M-S-H was also postulated by Bonen, 25, 28 simultaneously with the formation of crystalline brucite and he has also considered the possibility of an amorphous brucite formation. 28 The C-S-H of the cement paste is characterised by a poorly ordered structure with a variable composition, 29, 30 CaO/SiO 2 (Ca/Si) ratio and [Ca] control of the C-S-H gel structure. 31 The stoichiometry of most C-S-H gels has been found to be in the range of 0 . 66 , Ca/Si , 2.
31-37
For a Ca/Si ratio of approximately 0 . 66, the structure of the C-S-H gel presents some analogy with tobermorite, having silicate tetrahedral sheets of SiO 2 linear chains associated with an octahedral sheet of CaO. 38, 39 The chain length is assumed infinite. When the Ca/Si ratio is increased from 0 . 66 to 1, calcium appears in the interlayer space and the chain length is shortened. Figure 1 shows a typical structure of tetrahedral silicate proposed by Klur et al. 40, 41 With a Ca/Si ratio of approximately 1 . 5 and [Ca 2þ ] ¼ 22 mmol/l, Ca(OH) 2 (portlandite) precipitates in equilibrium with the C-S-H gel. For this Ca/Si ratio, the structure of the C-S-H is depicted only by silicate dimmers. 42 This paper presents the results of a study to investigate the incorporation of magnesium into the C-S-H gel as a function of the CaO/SiO 2 ratio. The C-S-H gel was synthesised from tricalcium silicate (C 3 S) in the presence of MgO. Infrared spectroscopy and electronic microscopy techniques were used to follow the Mg interaction with C-S-H.
Experimental section
Preparation of samples C-S-H gels with different CaO/SiO 2 ratios were synthesised in the presence of magnesium oxide. The synthesis was performed using mixes of magnesium oxide, C 3 S and silica gel. CaO/SiO 2 ratios ranged from approximately 0 . 6 to approximately 1 . 6 and MgO/ CaO % 0 . 5 ( Table 1 ). The C 3 S and MgO proportions were maintained constant but the silica gel content was varied.
The silica gel employed had 99 . 5% purity, and was previously dehydrated at 100 8C for 8 h. Magnesium oxide was obtained from magnesium hydroxycarbonate (99 . 5% purity) previously decarbonated and dehydroxylated at 1000 8C for 14 h. The chemical analysis of C 3 S Before hydration, and to ensure the homogeneity of the mixes, the reactants C 3 S, silica gel and MgO were blended into an agate mortar in the presence of acetone and stirred for 10 min to facilitate particle dispersion. Afterwards the mixes were dried with a heater.
The homogenised reactants were mixed with distilled and decarbonated water at a water/solid ratio of 5. The hydration was performed for 23 days in hydrothermal conditions at 100 8C inside an autoclave.
Chemical analysis
After hydration, the solids and liquids were separated by filtration. The moist solid samples were dried with acetone to stop further hydration. Chemical analyses of Mg, Si and Ca were performed on the liquids and solids; the results are given in Table 2 . 
Characterisation techniques
Mid-infrared (IR) absorption spectra of the solid phases were recorded with a Perkin Elmer 783 IR spectrometer equipped with a KBr beam splitter. The spectral range was analysed between 400 and 4000 cm À1 . For the microstructural and morphological features, scanning electron microscopy (SEM) and energy dispersive analysis of X-rays (EDAX) were carried out with a JEOL JSM 5400 and an Oxford EDAX with Link Isis software. Sample S4 was analysed by SEM (fracture mode) but sample S1 was analysed using the back-scattered electron microscope. For this last case, the sample was prepared by impregnating it with an epoxy mix, slicing and polishing with successively finer grades of diamond grit.
Results

Chemical composition of the solids and the liquids
The composition of both the liquid phases obtained after hydrothermal hydration, and of the solid phases is given in Table 2 .
Calcium and silicon ions were present in the liquids. The amount of calcium ions in solution was observed to increase as the CaO/SiO 2 ratio of the mixes was increased, whereas the opposite effect was observed with silicon. Magnesium ions were detected in the liquid phases but only at trace levels. The pH values of the liquids increased in parallel with the CaO/SiO 2 ratio.
The solid hydrated samples showed an increasing content of CaO from S1 to S4 whereas the SiO 2 content decreased. The chemical compositions of the solid phases are given in Table 2 with their CaO/SiO 2 and MgO/CaO ratios. The CaO/SiO 2 ratios of the hydrated samples range from 0 . 66 to 1 . 81 and MgO/ CaO was 0 . 4. The rest was in the form of water in hydrated products.
Mid-IR results
The mid-IR spectra of the four samples are presented in Figs 2 to 5. In all samples, groups of bands in the range of 800-1200 cm À1 can be seen, corresponding to 
.).
Vibration bands are also present at approximately 970 and 1650 cm À1 in all samples. A shoulder can be identified at 1100 cm À1 , and it increases in parallel with the CaO/SiO 2 ratio from S1 to S4.
The asymmetric stretching of CO 3 2À from carbonates can be observed in the range of 1400-1600 cm À1 . A weak shoulder, which corresponds to the out-of-plane bending of appears at approximately 875 cm À1 . 43 These bands are due to a slight carbonation of the samples by the autoclave atmosphere or during the sample preparation for the characterisation tests. The attributions of the vibrations are given in the following list.
• The band at 1650 cm À1 corresponds to the H-O-H bending vibration of the molecular H 2 O.
• The shoulder centred at 1100 cm À1 can be attributed to the Si-O stretching vibrations in silica gel. 43 • The characteristic band centred at approximately 970 cm À1 (Figs 2-5) is assigned to the Si-O stretching vibrations of the Si(Q 2 ) tetrahedral. 43 At approximately 3000 to 3800 cm À1 , all samples show the stretching vibration of O-H groups in H 2 O or hydroxyl. 43 
An increasing symmetric O-H vibration about 3720 cm
À1 , that increases as the CaO/SiO 2 ratio increases from S1 to S4, is attributed to brucite (3700 cm -1 ). [44] [45] [46] Only sample S4 (Fig. 5 ) displays a Si-O stretching at 815 cm À1 . Moreover, in the range of deformation of SiO 4 tetrahedra (400-500 cm À1 ), a large shoulder is observed at about 530 cm -1 , in detail in Fig. 6 . This shoulder appears clearly for sample S4 and has not been previously described in mid-IR absorption spectra of pure C-S-H gel having a similar CaO/SiO 2 molar ratio. 
Microscopy results
The SEM micrograph and EDAX spectra of the samples S1 and S4 are presented in Figs 7 and 8 , respectively. The S1 and S4 samples have been chosen because their respective CaO/SiO 2 ratios are representative of the two C-S-H models proposed by Taylor. 29, 33 EDAX analyses of different areas of sample S1 and S4 are given in Figs 7 and 8 in order to identify the variations in the composition of the samples.
SEM analysis in the backscattered electron mode was used for sample S1 in order to examine the different phases of hydrated zones. The image in the backscattered electron mode presented in Fig. 7 is divided into two main areas, identified as whiteness and grey. The whiteness zones are magnesium rich but with some silicon. The grey zone is mainly composed by calcium and silicon but with a very small magnesium content.
Sample S4 (Fig. 8 ) presents a granulated structure with a quite homogeneous distribution. The morphology of sample S4 is assimilated to a gel, in which no crystals are detected.
To identify magnesium incorporation into C-S-H gels and/or precipitation of M-S-H, EDAX was also applied to the different local areas of sample S4 ( Fig. 8 and Table 3 ). Areas rich in magnesium and others mainly composed of C-S-H are identified. The M-S-H phase formation could not be deduced by EDAX mapping areas, as the simultaneous presence of Si, Ca and Mg is always detected. The EDAX analyses give mean CaO/ SiO 2 and MgO/CaO ratios of 1 . 35 and 0 . 71 (Table 3) , respectively.
Discussion
Hydrothermal hydration of C 3 S and phase formation in the presence of MgO
The hydration of C 3 S to synthesise C-S-H gel at room temperature is a slow reactive process. Taylor 29 found that only 70% of C 3 S had reacted at room temperature after 28 days. Others authors [47] [48] [49] have also shown that Q 0 from anhydrous species (C 3 S) still exists after 2 months of hydration. Probably the C-S-H shells showed that after 14 days, C 3 S is almost completely transformed into C-S-H gel and at 120 8C, the Q 0 anhydrous (C 3 S) disappeared. In the present study, hydrothermal conditions at 120 8C were discarded because this temperature allows additional crystallographic phases 50 to be formed in presence of MgO as crystalline Mg silicate phases, which would make interpretation of the results difficult. For this reason a temperature of 100 8C for the hydrothermal hydration of C 3 S in presence of MgO was considered in present work. The Si-O stretching vibrations of C 3 S and C 2 S do not appear in the spectra of hydrated samples, 45 so the anhydrous residue must be very low. A schematic representation of the phase relations in the system of MgO-SiO 2 -CaO-H 2 O, including samples S1 to S4, is given in the ternary diagram of Fig. 9 . In this, the compositions of the hydrated phases have been projected on to the anhydrous base of the system. Each point has been plotted from the chemical analyses of (SiO 4 ) 4 ) . The M-S-H (MgO-SiO 2 binary system) and C-S-H are also included in order to localise the composition of the samples used in the present study.
The samples are nearer to the chemical composition of C-S-H than M-S-H and this can be deduced from Fig. 9 . Furthermore, the chemical composition of the S3 and S4 samples are in the area of monticellite, bredigite, merwinite and akermanite.
C-S-H gels synthesised in the presence of MgO for CaO/SiO 2 ratios , 1 . 1
The infrared spectra of samples S1 and S2 are rather similar to those of the various pure C-S-H gels published by Yu et al. 43 and have similar CaO/SiO 2 ratios. However, a new band appears in the presence of MgO (3720 cm À1 ), and this was assigned to brucite. [44] [45] [46] The intensity of the sharp symmetric band increases as the CaO/SiO 2 ratio grows and this suggests an increase in brucite content. In the presence of MgO, the C-S-H gels formed with a low CaO/SiO 2 ratio (, 1) and the replacement of one labile calcium from the interlayer space (Fig. 1 ) by one magnesium may be possible. The magnesium in the interlayer space would have an octahedral coordination. For instance Tarte, 51 Farmer 52 and Lazarev 53 described in minerals the magnesium-oxygen stretching for octahedral coordination in the range around 300-480 cm
À1
(far-infrared region). No remarkable vibrations of the Mg-O stretching from octahedral co-ordination (300-480 cm À1 ) were observed, in the present work. The lack of any observation of a magnesium-oxygen stretching for octahedral co-ordination does not necessarily imply that the vibration is not present, but might due to poor resolution of the spectrometer in the far-infrared region.
However, EDAX results, on sample S1 (CaO/ SiO 2 ¼ 0 . 66), suggest that the C-S-H coexists with brucite (Fig. 7) . Some areas that have a high content of magnesium and silicon, but low calcium, may be attributed to M-S-H with a MgO/SiO 2 ratio ¼ 2 . 21, although with a different stoichiometry to that given by Pytel 11 (1 . 5).
C-S-H gels synthesised in the presence of MgO for CaO/SiO 2 ratios .
. 1
The infrared spectra of samples S3 and S4 are similar to that Yu et al. 43 and again brucite was detected (3720 cm À1 ). The presence of portlandite was not revealed even though the CaO/SiO 2 ratio was higher than 1 . 5 (S4). The portlandite should be present, but the expected band was not observed, and consequently the hydration of C 3 S in presence of magnesium oxide hinders the precipitation of portlandite.
As noted in the results, a large shoulder was observed in sample S3 at 530 cm À1 . This vibration is typical of the range of the TO 4 tetrahedra deformation (T ¼ Si, Al, Mg. . .) from 400 to 600 cm À1 (Fig. 6 ). The new vibration of S4 is largely shifted from the Mg-O frequencies for magnesium in octahedral coordination (300-480 cm -1 ). [51] [52] [53] The appearance of this shoulder suggests other possibilities.
(a) The insertion of magnesium in the gap of the Q 2p tetrahedron; this possibility should modify the TO 4 deformation vibration of the Si(Q 2 ) tetrahedron, and (Fig. 10(a) ). However, this possibility would lead to a vibration largely shifted by about 70 cm À1 . (b) If the vibration is attributed to a deformation of MgO 4 tetrahedra ( Fig. 10(a) ) the incorporation of tetrahedral magnesium in the gap of the Q 2p silicon tetrahedra would be equilibrated by calcium, because the Loweinstein's rules exclude the balance by magnesium (Mg-O-Mg). This option is more likely. In fact Tarte, 51 Farmer 52 and Lazarev 53 also reported the vibration of the MgO 4 deformation centred at 500-550 cm -1 , the same range that is found in the present work.
The actual vibration is also close to the magnesiumoxygen stretching described in akermanite (Ca 2 MgSi 2 O 7 ). 53 The crystallographic structure of akermanite is constituted by calcium octahedra, magnesium and silicon tetrahedra sites ( Fig. 10(b) ). In akermanite, the absorption between 600 and 500 cm À1 has been ascribed to the Mg-O vibrations of the MgO 4 tetrahedron. 53 In fact, the second sphere of co-ordination of magnesium tetrahedra coordinated in akermanite 54 ( Fig. 10(b) ) is close to the structure drawn in Fig. 10(a) . The appearance of a signal at approximately 530 cm -1 attributed to tetrahedral coordination of magnesium does not imply that all of the MgO 4 is introduced in the gap of the silica chain, as others sites exist in C-S-H that could be occupied by magnesium. In a gel, numerous empty sites exist, but there are few Table 3 . Analysis by scanning electron microscopy and energy dispersive analysis of X-rays of the different areas of samples S1 and S4 There is no evidence of the M-S-H formation for high CaO/SiO 2 ratio of C-S-H gels, either from IR, or from EDAX, as high contents of Ca/Si are always detected together with some Mg. In addition, some areas in S4 contained high amounts of magnesium. However, the EDAX spectrum, which would be representative of a M-S-H is not observed. 
Conclusions
Mid-IR spectra of samples (C-S-H gels) synthesised after hydrothermal reaction of C 3 S in the presence of MgO and silica gel, with different CaO/SiO 2 molar ratios, show similarities with pure C-S-H gels. The relevant differences found during the present study are listed here. 8) . A shoulder appears at approximately 530 cm -1 , which suggests a magnesium incorporation into four-fold co-ordinated sites of C-S-H gel.
